We have redefined Typhula variabilis, T. laschii, T. intermedia, and T. japonica on the basis 27 of morphological and molecular evidence. Typhula variabilis, T. laschii, and T. intermedia, 28 hitherto regarded as synonymous, were compared by critical observations of sclerotial rind 29 cells. Rind cells of T. variabilis were thick and plateaued in the center, whereas of T. laschii 30 had a ridge in the center. An isolate from winter wheat that we had previously identified as T. 31 variabilis was reidentified as T. intermedia because it failed to mate with T. variabilis, even 32 though rind cells of T. intermedia were digitate and occasionally had double-line contours, as 33 in the case of T. variabilis. Sequencing of the internal transcribed spacer regions, including 34 5.8S, supported these differences, indicating that T. variabilis, T. laschii, and T. intermedia 35 are separate species. Typhula japonica was characterized by two-spored basidia and 36 basidiospores that often remained agglutinated with each other and germinated on 37 basidiocarps. Its single basidiospores normally developed into dikaryotic mycelia and rarely 38 into monokaryotic mycelia. 39 40 Keywords 41 42 Morphology, Taxonomy, Typhulaceae 43 44 3 1. Introduction 45 46
Since basidiospores of isolates RMM1112 and TK1118 were stuck together, one 114 basidiocarp of each isolate was soaked in 2 mL of sterile water with or without 0.1% Tween 115 20 in a 2-mL microtube to collect the spore masses: spore suspensions were vortexed 10 times 116 for 10 s each time and then left still for 10 min. The proportion of single spores that were 117 separated from the clusters was then determined using light microscope. Aliquots of the spore 118 suspension were spread on PDA plates. After incubation at 4 °C for 7-10 d, single hyphae 119 from single colonies were transferred onto fresh PDA plates. They were then incubated at 120 10 °C for 2 wk and examined under a microscope for the presence or absence of clamp 121 connections. 122 123 2.4.2. Monokaryon-monokaryon (mon-mon) mating tests 124 125 Two monokaryons were inoculated 2 cm apart at the periphery of PDA plates and incubated 126 at 10 °C for 2 wk. Agar blocks with mycelia were taken from the colony junction and 127 transferred to an unoccupied area of the plate. Seven d after incubation, the presence of clamp 128 connections in mycelia grown from the blocks was examined under a microscope. The 129 presence of clamp connections was the criterion for mating compatibility. 130 131 2.4.3. Dikaryon-monokaryon (di-mon) mating tests 132 133 Monokaryons of T. variabilis isolate S3 were used for di-mon mating tests with isolates S1, 134 S2, and S4. Four monokaryons of S3 were also tested with T. intermedia VB1-1 (AB267394). 135
Monokaryons of isolates TK1118 and UT1114 were paired with their respective parent 136 isolates and RMM1112. Four monokaryons of T. ishikariensis Imai provided by AIST 137
Hokkaido were paired with isolates S1, S2, and S4. Pairing was performed as in mon-mon 138 mating tests. Agar blocks with mycelia were taken from colonies of tester monokaryons and 139 transferred to an unoccupied area of the plate. Mycelia grown for 7 d after incubation were 140 6 examined for the presence or absence of clamp connections under a microscope. 141 142 2.5. Sequencing of internal transcribed spacer regions 143 144 DNA was extracted from sclerotia and the herbarium specimen using a DNeasy Plant Mini 145 Kit according to the manufacture's protocol (Qiagen, Hilden, Germany). The internal 146 transcribed spacer (ITS) region of rRNA genes, including the 5.8S rRNA gene, was amplified 147 by polymerase chain reaction (PCR) with the primer pair ITS1 (5′-TCCGTAGGTGAACCT-148 GCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), as described by Hsiang and Wu 149 (2000) . The products were purified using a QIAquick PCR Purification kit (Qiagen) and 150 sequenced on an ABI PRISM 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, 151 USA) with primer ITS1. Multiple alignments of the ITS sequences were performed, and the 152 nucleotide substitution rates were calculated, using MEGA5 (Tamura et al. 2011 Colonies of T. japonica on PDA were white (1A, 7 white, 78 white, or 84 white) to beige 171 (4D, 32 clay buff or 52 buff), turned brown (17 snuff brown or 24 date brown) with time, and 7 had thin aerial mycelia. Pale, thread-like basidiocarp stipes emerged from sclerotia or mycelia. 173 Sclerotia were scattered over the surface or produced in rings and were variable in color. 174
Isolate UT1114 required more than 5 mo to produce sclerotia on PDA plates but 2 mo in oat 175 grain culture. The fungus grew at temperatures from 0 to 20 °C on PDA, with an optimum 176 temperature of around 10 °C, and failed to grow at 25 °C. The maximal mycelial growth rate 177 ranged from 2.0 to 4.0 mm per d. 178 Ten monokaryons of isolate S3 were paired in all possible combinations to obtain the 192 bifactorial mating pattern. Four monokaryons-S3e1, S3e2, S3e5, and S3e7-were selected 193 as a set that differed in mating incompatibility alleles (Raper 1966). 194 195 3.2.3. Di-mon mating test 196 197 The four monokaryons from T. variabilis isolate S3 were dikaryotized by isolates S1, S2, and 198 S4 ( Table 3) . They were not dikaryotized by T. intermedia VB1-1. The four monokaryons of 199 T. ishikariensis also failed to mate with any of the isolates. laschii: each rind cell of T. variabilis had a plateau ( Fig. 5A, B ). The rind in oat grain culture 223 was 7-9 μm thick. That on carrot leaves was as thick as that in oat grain culture, but the 224 surface was not rugged. That on PDA plates was flat and thin (4-5 μm). One or more basidiocarps emerging from a sclerotium, clavate or cylindrical, simple or 233 sometimes branched, 10.0-50.0mm long on Herb. Univ. Upsaliensis F-608676. Head often 234 9 tapered, grayish white (1A, 7 white, 78 white, or 84 white) or pale beige (2B or 4D), and 235 usually paler than stem. Basidia, Sclerotia globose, subglobose to flattened disk, dark (36 fuscous black), 1.0-1.8 mm × 237 0.5-1.8 mm. Rind rugged and 7-11 μm thick; rind cell has a ridge in its center ( Fig. 7A-D Typhula variabilis has featureless basidiocarps and basidiospores, and characteristic thick 306 rind cells with precipitous margins whose contours were drawn in double lines by Berthier 307 (1976) and Dynowska (1986) . However, the rind cells of specimen F-608676 have ridges in 308 the center, which we recognized as lines in the center of cells ( Fig. 7A-D) . Thus, F-608676 is 309 not T. variabilis. On the other hand, rind cells of our isolates S1, S3, and S4 were thick and 310 flat on top with precipitous margins, giving them a plateau-like shape (Figs. 3C-E, 5A, B) . 311
These features are consistent with those illustrated by Berthier (1976) and Dynowska (1986) 312 and described by Remsberg (1940) . These characteristics of rind cells indicate that isolates S1, 313 S2, S3, and S4 are T. variabilis. In addition, rind cells were not completely coalesced in T. 314 variabilis (Fig. 5A, B) , making microscopic observation difficult. The rugged surface of T. 315 intermedia sclerotia (Fig. 8B ) complicated observations of rind cells intended to distinguish 316 the fungus from T. variabilis. However, they are separate species because monokaryons of T. 317 variabilis were not dikaryotized by T. intermedia (Table 3 ). In addition, T. intermedia is 318 pathogenic on wheat (T. Hoshino, unpublished), whereas T. variabilis is not, but is 319 pathogenic on members of the Apiaceae and Beta vulgaris (data not shown). Repeated 320 attempts to develop basidiocarps of T. intermedia were unsuccessful, so we have based our 321 description of the taxonomic features of basidiocarps, basidia, and basidiospores on the 322 original article (Appel and Laubert 1905) and Remsberg's monograph (1940) . The original 323 descriptions of T. intermedia and T. laschii did not designate the holotype or show any 324 illustrations; typification is needed. Remsberg (1940) described the characteristics of T. 325 intermedia in detail, but no other descriptions of the fungus were available. We think 326
Remsberg's specimen is worthy of typification as a neotype, but we were unable to examine it. 327
The typification of T. intermedia requires future surveys. 328
No species described by Remsberg (1940 ), Corner (1950 ), or Berthier (1976 conformed 12 to the Herb. Univ. Upsaliensis F-608676 specimen. The original report of T. laschii 330 (Rabenhorst 1849) was poor, and identification of existing species was difficult. In addition, 331 we were concerned that frequent changes in the name of a specimen would result in further 332 confusion. Hence, we propose to refer to F-608676 as T. laschii and set it as the neotype, 333 because the original article did not indicate the holotype and had practically no taxonomic 334 criteria (McNeill et al. 2012: Art. 9.7, Melbourne Code) . In the Taxonomy section (3.3), we 335 described the sclerotium and features of basidiocarps and basidia based on the specimen. It 336 also needs further research, especially on living materials. 337 Riess (1853) drew only basidiocarps and basidiospores of T. variabilis (lectotype, Art. 338 9.2, Melbourne Code), but the descriptions by Remsberg (1940) and Berthier (1976) have 339 additional information, especially on sclerotia. The identification of T. variabilis requires 340 morphological observation of rind cells as described above. The species needs an epitype to 341 identify unambiguously. Remsberg's drawings, photographs, and specimen are adequate, but 342 they were collected in North America. A specimen from Europe that exactly matches the 343 descriptions by Remsberg (1940) and Berthier (1976) should be designated as the epitype, 344 because an epitype should ideally be collected from the same location and host as the original 345 protolog (Hyde and Zhang 2008). 346
Typhula japonica was first described in Japan (Terui 1941) . Only basidiocarps and 347 basidia of the lectotype of Terui (1941) were illustrated (and their bases were not clearly 348 indicated), and basidiospore measurements were not made. However, it has not been reported 349 since, and no specimen was available. Our isolates RMM1112, TK1118, and UT1114 have 350 two-spored basidia, are pathogenic on canola (data not shown), and originate from Hokkaido, 351 conforming to the original description. We identified these three isolates as T. japonica, and 352 applied isolate RMM1112 (SAPA100036) as the epitype (Art. 9.8, Melbourne Code), because japonica are sticky and coherent with each other on basidiocarps (Fig. 1B) . Most single 359 basidiospores developed into dikaryotic mycelia, and only a few were monokaryotic. In 360 addition, T. japonica basidiospores often germinate on basidia (Fig. 1C) . They may not be 361 ejected into the air but are likely to remain on basidiocarps: this species requires further 362 investigations of epidemiology and comparisons with other two-spored species. Several 363 13 monokaryons from isolates TK1118 and UT1114 were dikaryotized with the isolate 364 RMM1112, which confirmed that these three isolates are all T. japonica (Table 3) . 365
In this study, morphological investigations, mating tests, and analysis of ITS sequences 366 revealed that T. variabilis, T. laschii, and T. intermedia are separate species with different 367 genetic backgrounds (Fig. 11) . Diagnostic features of the three species are summarized in 368 Table 4 . A phylogenic tree of all species of the genus Typhula whose ITS sequences have 369 been registered in GenBank divided the species roughly into three groups-A, including 370 pathogenic species such as T. ishikariensis and T. incarnata Lasch; B, including T. 371 phacorrhiza (Reichardt) Fr. and Macrotyphula juncea (Alb. & Schwein.) Berthier; and C, 372 including T. laschii and T. japonica-and T. intermedia as a standoff (Fig. 11) 
